SUMMARY
Laboratory studies in rats support the potential for jet fuel to promote noise induced hearing loss (NIHL). Occupational studies indicate that pilots, aircrew, and aircraft maintenance workers suffer higher rates of hearing loss. Jet fuel toxicity in association with noise may be at least partially explained by increased free radical production and oxidative stress at the cellular level. The goal of this project is to develop a multi-scale model to physiologically and mechanistically describe jet fuel exacerbated NIHL. This report describes accomplishments during the first five months of an ongoing effort.
A pharmacodynamic (PD) model has been developed which describes the potential combined effect of jet fuel and noise on hearing loss via the production of free radicals in the hair cells of the cochlea. The model assumes that free radical (FR) generation and oxidative stress combine to form the primary mechanism through which ototoxicants disrupt hearing and through which they potentiate the effects of noise on hearing loss. Inactivation of cellular targets, leading to hearing loss, is determined by the product of the steady-state FR concentration and the time of exposure of the target (cochlea) to that concentration. The model takes into account lipid peroxidation, and predicts additional biomarkers that can be measured (e.g., the oxidative stress marker malondialdehyde or glutathione depletion), as well as the loss of functionality (hearing loss) and hair cell death. The PD model will be parameterized using results from in vitro studies, and is designed to be interfaced with a physiologically-based pharmacokinetic (PBPK) model which will simulate the delivery of JP-8 to the cochlea and other tissues during exposure.
Initial proteomic studies with House Ear Institute Organ of Corti 1 (HEI-OC1) cells, a conditionally immortalized organ of Corti-derived epithelial cell line, indicate that JP-8 produces little cytotoxicity. At the highest dose of 500 ppm, proteomic changes primarily consist of upregulation of histones involved in chromatin remodeling as a result of oxidative stress. Although effects were not dramatic, a dose response was apparent.
Preliminary in vitro dose-response studies using the HEI-OC1 cells again revealed marginal cytotoxic effects when exposed to JP-8 or key hydrocarbons; these key hydrocarbons (toluene, ethylbenzene, xylene, nonane, or decane) are found in JP-8 and are also associated with chemically-induced hearing loss. Apoptosis and necrosis were enhanced when cells were exposed to JP-8 or hydrocarbons with oligomycin (an in vitro noise surrogate). Early induction of protective cellular mechanisms may explain the lack of cytotoxic effects at the two-hour time point. This is consistent with the upregulation of numerous histones.
INTRODUCTION
Laboratory studies support the potential for jet fuel to promote noise induced hearing loss (NIHL) (Fechter et al., 2007 (Fechter et al., , 2010 (Fechter et al., , 2012 Guthrie et al., 2014) . Noise alone induces hearing loss due to loss of hair cells in the cochlea, associated with oxidative stress (Fechter, 2005; Henderson et al., 2006; Poirier et al., 2010) . Jet fuel toxicity in association with noise may be at least partially explained by increased free radical production and oxidative stress at the cellular level (Boulares et al., 2002) , resulting in hair cell dysfunction and loss.
The ultimate goal of this project is to develop a multi-scale model to physiologically and mechanistically describe jet fuel exacerbated NIHL. To that end, the hypothesis can be stated as: Jet fuel exposure and noise exposure both produce oxidative stress in cochlear tissues, resulting in hearing loss when the oxidative stress exceeds glutathione reserves.
The project is arranged in three parts:
1. Develop a mathematical model to describe the impact of chemical and noise stressors at the target site (cochlea); free radical formation in the cochlea caused by chemical and/or noise stressors, lipid peroxidation, and free radical elimination by anti-oxidants; and the final impact on hair cell functionality and loss, 2. Design and implement in vitro experiments to measure oxidative stress and other markers of cytotoxicity in cochlea cells and to estimate values for key model parameters, and 3. Develop a pharmacokinetic model to describe the distribution of jet fuel components to the cochlea, in order to link jet fuel exposure and target site dosimetry with our pharmacodynamic (PD) model of oxidative stress and hearing loss.
This report describes the first five months of effort on this project.
Air Force Relevance
JP-8 is a kerosene-range jet fuel that is used by the U.S. Armed Services and North Atlantic Treaty Organization countries. JP-8 is the standard battle fuel for use in jets, vehicles, heaters, etc. in combat. The U.S. military alone consumes more than 2.5 billion gallons annually .
Aircraft workers such as pilots, aircrew, aircraft technicians, and mechanics have high rates of hearing loss (32 to 47 percent prevalence) (Jaruchinda et al., 2005) compared to normal adult populations (16.1 percent) (Agrawal et al., 2008) . Commercial aviation aircraft technicians and mechanics develop hearing loss at younger ages compared to age-matched individuals and to the general population (30 to 40 years old versus 60 to 69 years old, respectively) (Agrawal et al., 2008) . Air Force F-111 fuel tank maintenance workers have higher hearing thresholds compared to published data from otologically normal populations (Guest et al., 2010) ; military fighter pilots and helicopter pilots are known to be at higher risk for developing hearing loss (determined through audiometric assessments) compared to age-matched individuals in the general public (Agrawal et al., 2008; Raynal et al., 2006) . This hearing loss occurs even with the use of hearing protections (Jaruchinda et al., 2005) .
Overexposure to noise is a key factor in the development of hearing loss. Measured noise levels of 91 to 110 dBA within the cockpit and around the aircraft may exceed the Occupational Safety and Health Administration (OSHA) permissible exposure limit (PEL) and the National Institute for Occupational Safety and Health (NIOSH) recommended exposure limit (REL) for the time period of exposure (Jaruchinda et al., 2005) . Preliminary epidemiologic data suggest that jet fuels (JP-4 or JP-8) may interact with noise to induce hearing loss (Kaufman et al., 2005) . Animal studies demonstrated that exposure to JP-8 combined with noise may result in the loss of preneural cochlear sensitivity, as shown by suppression of distortion product otoacoustic emissions (DPOAE) and depletion of cochlear sensory cells (Fechter et al., 2007 (Fechter et al., , 2010 (Fechter et al., , 2012 . The effect of combining the exposures (jet fuel plus noise) was greater than that of the individual exposures. Regulations regarding toxic exposures are generally based on exposure to a single agent; less is known about combined exposures such as jet fuel and noise.
Jet Fuel, Noise, and Hearing Loss
There is a growing body of laboratory studies supporting the potential for jet fuel to promote hearing loss when exposures include noise. Fechter et al. (2007) were the first to show that exposure to JP-8 followed by exposure to damaging noise resulted in decreased auditory function as well as cochlear outer hair cell loss in Long-Evans rats, compared to the effects of noise alone. Chemically enhanced hearing loss is generally accompanied by damage to outer hair cells of the cochlea. Researchers have hypothesized several specific mechanisms of toxicity to hair cells, including disruption of intracellular calcium homeostasis , disruption of membrane fluidity (Campo et al., 2001; , and disruption of efferent pathways synapsing at the cochlea (Lataye et al., 2000) . Free radical generation and oxidative stress as a possible pathway was investigated by Fechter (1999) and Rao and Fechter (2000) . Fechter (2005) presented evidence that confirms the role of oxidative stress in the production of hearing loss by both carbon monoxide and by acrylonitrile when noise is present at the time of chemical exposure. Therefore, oxidative stress is a likely candidate for the role of jet fuel in mediating noise-induced hearing loss. This hypothesis is further supported by evidence that oxidative stress is linked to JP-8 exposure itself. Boulares et al. (2002) indicated that JP-8 toxicity might be at least partially explained by increasing oxidative stress at the cellular level; JP-8 reduced cellular glutathione (GSH) levels by approximately 40 percent in rat lung epithelial cells after only one hour of exposure.
Recent evidence suggests that central auditory processing dysfunctions (CAPD) are early manifestations of JP-8 induced ototoxicity. An experiment with Long-Evans rats showed that exposure to subtoxic levels of JP-8 (1000 mg/m 3 ) did not induce peripheral hearing loss. However, there was a CAPD that manifested as impaired brainstem encoding of stimulus intensity at four weeks after the exposure. Furthermore, this impairment in stimulus encoding was exacerbated by low level (non-damaging) noise (8 kHz octave band at 85 dB sound pressure level) exposure. The results revealed that subototoxic exposures to noise and JP-8 resulted in normal peripheral auditory function concomitant with a CAPD. Thus it appears that CAPD may play a critical, and early, role in hearing loss in addition to oxidative stress-induced peripheral hair cell impairment and loss.
Altered growth functions of the brainstem components of the auditory brainstem response (ABR) are also characteristic of aging (Boettcher et al., 1993; Popelar et al., 2006; Zhou et al., 2006) . Potential mechanisms for such a process may include altered membrane fluidity (characteristic of solvent/anesthetic exposure) leading to potential impairments of vesicular transport and/or fusion at the synapses within the auditory brainstem. In humans, CAPD may be a first sign of subtle brain alteration (Bamiou et al., 2000) . Further, abnormal stimulus-response function in the central auditory nervous system has been associated with non-hearing disorders such as migraines and depression (Ambrosini et al., 2003; Gallinat et al., 2000) . Oxidative stress may also play a role in CAPD (Henderson et al., 2006) .
In addition, postulated mechanisms for tinnitus show an interesting connection between loss of peripheral cells and compensatory mechanisms in the rest of the auditory pathway (Schaette and Kempter, 2012) . Lateral inhibition is ubiquitous in the brain, and it is assumed to be a basic mechanism of information processing in neural circuits. In the auditory pathway, inhibition exists between frequency channels, i.e., inhibition between neurons whose characteristic frequency is close, but not identical. These frequency channels are associated with specific hair cells, and as specific hair cells become inactive, inhibition of neighboring (and still functional) pathways becomes dis-inhibited, which could amplify differences in spontaneous activity. Mathematical models of this activity have been developed (e.g., Schaette and Kempter, 2012) .
MATHEMATICAL MODEL OF FREE RADICAL MEDIATED HEARING LOSS
For the current project, the working hypothesis is that free radical (FR) generation and oxidative stress combine to form the primary mechanism through which ototoxicants disrupt hearing and through which they potentiate the effects of noise on hearing loss. This hypothetical working relationship is outlined in Figure 1 . A previous technical report provided an outline for combining models for dosimetric predictions of JP-8 at the target site (via a physiologically-based pharmacokinetic (PBPK) model), together with its effect, and the effect of noise, on the generation of free radicals in the cochlea, and their impact on inducing cellular damage and hearing loss. That model was based on an earlier model (Byczkowski et al., 1997) that described the removal of FRs in terms of a lumped rate constant for FR recombination and quenching. The model assumed that the inactivation of cellular targets, leading to hearing loss, was determined by the product of the steady-state FR concentration and the time of exposure of the target (cochlea) to that concentration.
Figure 1. Schematic of Overall Scope of Project
The operational equations for chemical mixture plus noise -induced free radical generation were derived as: (1) …, which in the steady-state (dFR/dt = 0), becomes:
…, where C i is the local (cochlear) pro-oxidant concentration of chemical i, k i is the rate constant of free radical formation from the pro-oxidant chemical (1/hour), N is local (cochlear) nose intensity level, k N is a rate constant of free radical formation from the noise (1/hour), and k t is the lumped rate constant of free radical recombination and quenching by the biological system (1/hour). In order to take into account the likely synergism between each chemical and noise in local free radical production at the cochlea, an interaction term is introduced as a cross-product
The activity of hair cells, reduced by FR-induced inactivation, was given as:
…, where k d is the rate constant for cellular target inactivation by free radicals, I n is remaining activity, expressed as a fraction of remaining active cellular targets, relative to the amount before inhibition; I 0 is initial concentration of active cellular targets (assumed 100 percent); and t p is time of exposure to free radicals at local steady state concentrations.
Finally, combining equations (2) and (3), we have that the fractional hearing functionality remaining f n is given by:
The objective of the current project is to further develop this preliminary model so as to also take into account the following:
• The time-course, not just the steady-state concentrations, of FRs in the cochlea, so that the inactivation of the target sites is dependent on a more dynamic "area under the FR concentration-time curve" calculation, rather than simply proportional to the steady-state concentration of free radicals multiplied by some estimate of the "time of exposure" to this concentration, • Lipid peroxidation (the generation of lipid peroxides, such as polyunsaturated fatty acid radicals (PUFAR) and peroxy polyunsaturated fatty acid radicals (PPUFAR)), • Linkage of the model to additional biomarkers that can be measured (e.g., the oxidative stress marker malondialdehyde or glutathione depletion), and • The loss of functionality (hearing loss) and hair cell death.
At this stage in model development, jet fuel and noise are being described as a single "lumped" stressor. Cross-terms reflecting synergy between noise and chemicals have not yet been added. Figure 2 shows a schematic of the current model. Hair cells in the cochlea are exposed to chemical at a concentration C1 (via the circulation) and/or noise (of intensity N). Free radicals are produced by stressors; they are reduced by GSH and other anti-oxidants (represented by GSH in Figure 2 ). FRs also interact with lipid membranes (represented by polyunsaturated fatty acids (PUFA)), producing PUFAR and PPUFAR in a cascading process that also produces lipid peroxides (LP) and malondialdehyde (MDA). MDA is a thiobarbituric acid reactive substance (TBARS) quantified by the TBARS assay. 
Model Description
…, where k 1 and k N are rate constants for FR production by the chemical and noise, respectively, and k t is the degradation rate constant for FR.
Glutathione (and the inactivated glutathione disulfide, GSSG) concentrations are given by:
…, where k t , k tp , and k tpr are rate constants for the oxidation of GSH by FR, PUFAR, and PPUFAR respectively, k g is the rate constant for the recycling of GSSG, and G is the GSH synthesis rate.
Polyunsaturated fatty acid radical concentrations are given by:
…, where k 2 and k 4 are rate constants for polyunsaturated fatty acid oxidation by FR and other polyunsaturated fatty acid radicals, and k 3 is a rate constant for conversion of PUFAR into PPUFAR in the presence of oxygen at concentration O 2 .
Peroxy-polyunsaturated fatty acid radical concentrations in turn are given by:
Active (A), inactive (I), and permanently damaged (P) hair cell concentrations are given by:
…, where k d , k dr , and k dpr are rate constants for the inactivation of hair cells by FR, PUFAR, and PPUFAR, respectively; k r is the rate constant for repair of inactive cells, and k p for the conversion of inactive, but repairable cells, into permanently damaged and inactive cells (cell death).
The model was implemented in Berkeley Madonna (Macey and Oster, University of California, Berkeley CA). The model code is given in the Appendix.
Model Simulations
Figure 3 shows time-course predictions of the model under separate and combined chemical and noise exposures, for FR, PUFAR, PPUFAR, GSH, and its oxidized form GSSG levels.
Parameter values are arbitrary at this point but the model simulations show the expected behavior of the model structure. The figure panels also show predicted levels of MDA, a substrate for the TBARS assay. In addition, the fraction of hair cells A that remain active is also shown. Note the partial recovery of active hair cells when either chemical or noise exposure is removed ( Figures  3A and B) . Note that in this particular simulation, chemical and noise stressors reduce the final active hair cells A by about 6.6 percent and 7.8 percent, respectively, whereas the combination reduces A by about 15.8 percent ( Figure 3C ). Figure 3D shows the effect of introducing a cross term (kx1 = 10, expressing hypothetical synergy between noise and chemical), which further reduces the final number of active cells, in this case by about 30 percent.
Conclusion
The current model describes the potential combined effect of jet fuel and noise on hearing loss via the production of free radicals in the hair cells of the cochlea. It can be integrated with PBPK models of jet fuel components (in both experimental animals and humans), as well as information about noise exposure, to predict hearing loss via this specific mechanism. The limitations of the present model, and potential improvements, are discussed in Section 4.1 below. 
Introduction
A number of in vitro methods were proposed to explore the effect of JP-8, key hydrocarbons, and a noise surrogate (oligomycin) on cellular function and viability. Two studies, a 24-hour proteomic study of House Ear Institute Organ of Corti 1 (HEI-OC1) cells exposed to JP-8 (Section 4.2), and a study of the effects of JP-8 and five key components on apoptosis and necrosis in HEI-01 cells (Section 4.3), were completed. Other studies to monitor oxidative stress (to include other cell types) and extend the studies to the cells of the auditory brainstem are planned (see Section 5.2 below).
The time course of GSH depletion and other measures of oxidative stress in cochlea are unknown. Potentially novel biomarkers of oxidative stress and lipid peroxidation can be identified using a proteomic approach (Section 4.2). GSH depletion is measureable in vitro using a conditionally immortalized organ of Corti-derived epithelial cell line, which shows evidence of activation of apoptosis when exposed to known ototoxic chemicals (Kalinec et al., 2003) . This cell line is a recently developed in vitro system to investigate the cellular and molecular mechanisms involved in ototoxicity, and for screening of the potential ototoxic properties of jet fuel components and other chemical stressors.
Monitoring GSH levels and GSH depletion rates provides critical information regarding the cellular ability to protect against oxidative damage. In a single step experiment using a GSH specific fluorophore (Thiol Green Indicator, AbCam, Cambridge MA), the levels of GSH and GSSG can be obtained in a high-throughput manner using a fluorescence assay. This method provides single-point GSH levels and GSH/GSSG ratios that are observed over a time-course of JP-8 exposure, resulting in a kinetic profile of JP-8 effect on oxidative resistance capacity.
Further information regarding the oxidative stress levels within live cells can be obtained using fluorescent dyes specific for cytosolic ROS (CellROX Deep Red Reagent, Invitrogen, Carlsbad CA) and for mitochondrial superoxide (MitoSOX Red Indicator, Invitrogen). These parameters are highly indicative of the health of a given cell; oxidative stress in the mitochondria is directly related to onset of cellular death. By using live cell compatible dyes, microscopic images are achieved real-time during the JP-8 exposure. This experimental method provides ROS production rates that are otherwise unobtainable.
Finally, the levels of oxidative stressors within the cell need to be related to cellular death and cytotoxicity of JP-8 exposure (Section 4.3). Cytotoxicity can be measured by a simple, single step absorbance based assay based upon the formation of a soluble formazan product indicating the number of live cells in a culture (CellTiter 96 AQueous One Solution Cell Proliferation Assay, Promega Corporation, Madison WI). By correlating JP-8 exposure, ROS production, GSH depletion, and cytotoxicity, a full picture of the JP-8 effect on cochlear cells may be obtained, and these parameters can be used in developing a multi-scale model.
Proteomic Pathway Analysis of 24-Hour JP-8 Exposure using a Cochlear Cell Model and Cellular Pathway Modulation
The purpose of this study was to identify potentially novel biomarkers of JP-8 toxicity in a cochlear cell line using a proteomic approach. Biomarkers of oxidative stress and lipid peroxidation were investigated. Angeles CA). The development and characterization of these cells is described in Kalinec et al. (2003) .
The cells were cultured in Cellstar ® T-25 cell culture flasks (Greiner Bio-One, Monroe NC) in high glucose Dulbecco's modified Eagle's medium (DMEM), supplemented with 10 percent fetal bovine serum at 33˚C under 5 percent CO 2 in an incubator. At approximately 80 percent confluence, media was removed, and flasks (60 ml) were filled, leaving no head space, with complete culture medium containing concentrations of 0, 0.5, 5, 50, or 500 ppm JP-8 jet fuel. Plug-seal caps were tightly installed to prevent loss of volatiles. These conditions may result in oxygen deprivation and lower pH. However, at 24 hours of exposure, cell cultures were examined by phase-contrast microscopy, and no visible signs of cell death were seen across all concentrations, including controls. Media was then removed, and cells were harvested by scraping and rinsing the flask with phosphate buffered saline (PBS). Cells were pelleted by centrifugation at 100 G for 5 minutes and PBS was removed.
Tandem Mass Tags (TMT) Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS). Approximately 1x10
6 cells were placed in 100 µL of lysis buffer (8 M urea, 50 mM triethyl ammonium bicarbonate (TEAB), 75 mM NaCl), and homogenized with a handheld pestle homogenizer. Protein samples were further processed by addition of 5 mM tris (2-carboxylethyl) phosphine hydrochloride (TCEP) and 15 mM iodoacetamide for reduction and alkylation of cysteines. Small aliquots of each sample were taken to perform protein concentration using the Bradford assay from Bio-Rad (Hercules CA). The remaining samples were diluted and digested overnight at 37°C with 4 µg of trypsin, followed by quenching with 1 percent formic acid. Samples were desalted using a C18 peptide trap from Michrom (Auburn CA). The desalted samples were vacufuged and processed by TMT labeling according to the manufacturers' instructions (Applied Biosystems, Life Technologies, Grand Island NY). Samples were labeled with the mass/charge TMT tag scheme of 126, 128, 129, 130, and 131, referring to 0, 0.5, 5, 50 , and 500 ppm JP-8 jet fuel exposures, respectively. The TMT labeled samples were combined, the fluid volume was brought up to 100 µL with 0.1 percent formic acid in water, and the resulting sample placed in the auto-sampler for injection.
Peptides were separated on a Waters BEH C18 capillary column (Milford MA) prior to online analysis using a 240-minute increasing gradient of acetonitrile with 0.1 percent formic acid. Following elution from the column, ions were generated using 1.4 kV on a coated capillary tip in a New Objective source and entered into the linear trap quadripole (LTQ)-Orbitrap Velos MS (Thermo Fisher, San Jose CA). In the MS, a full scan was taken in the LTQ, followed by datadependent MS/MS analysis of the top eight peaks. MS/MS analysis included collision-induced dissociation in the LTQ for structural information and higher-energy collisional dissociation in the Orbitrap for quantitation. To enable low abundance detection, peptide analysis was executed under dynamic exclusion, followed by peptide alignment with a mammalian protein database using the SEQUEST algorithm in Proteome Discoverer 1.3 (Thermo Fisher, San Jose CA). Variable modifications for TMT oxidation at the N-terminus, oxidation at M-terminus, and carboxymethylation at the C-terminus were included in the database search. TMT ratios were calculated by normalization against the control.
Computational Gene Ontology
Analysis. SEQUEST defined UniProt/SwissProt accession numbers were converted via the identification (ID) mapping tool of the UniProt webpage (http://www.uniprot.org) into Ensembl Protein IDs that were then converted via the BioMart Portal (central.biomart.org) into WikiGenes names (http://www.wikigenes.org). The WikiGenes names of all regulated proteins were entered into Cytoscape 3.1.1. through the ClueGo 2.1.3 application in two sets: 1) above 1.2-fold expression (upregulated), and 2) below 0.83-fold expression (downregulated) for gene ontology (GO) analysis including searches for GO biological process, GO cellular component, GO molecular function, GO immune system process, Kyoto Encyclopedia of Genes and Genomes (KEGG) PATHWAY database (Kyoto University, Kyoto, Japan), Reactome, and Wiki pathway at medium to detailed network specificity setting.
Results. The TMT MS relative peptide quantitation of HEI-OC1 cells tissue defined 994
UniProt/SwissProt identifiers (European Bioinformatics Institute, Cambridge UK) using SEQUEST software of which 9.55 percent were upregulated in expression (above 1.2 fold) and 4.42 percent were downregulated (below 0.83 fold) following various JP-8 exposure levels (0.5 to 500 ppm) compared to the naïve control (Table 1) . SEQUEST defined UniProt/SwissProt accession numbers that were converted via the ID mapping tool of the UniProt webpage (http://www.uniprot.org) into Ensembl Protein IDs, which resulted in 1006 identified Wiki Gene names when further converted via the BioMart Portal (central.biomart.org). Due to multiple Ensemble Protein IDs for the same WikiGene name, 368 valid entries were found when entered into Cytoscape 3.1.1. Of these only 20 nodes were downregulated below 0.83-fold and 47 were upregulated above 1.2-fold.
The ClueGo analysis of WikiGenes identifiers for modulated proteins was able to define GO terms for 97.87 to 100 percent of the entered query. In detail, GO term analysis of modulated proteins following JP-8 exposure was limited to an upregulation of histones belonging to the histone subfamilies HIST1H, HIST2H, and HIST4H that regulate chromatin remodeling in response to oxidative cell stress, gene expression, cell cycle progression, cell differentiation through Wnt signaling, cell inflammation through interferon gamma signaling, and cell senescence (Figures 4 and 5) . Under the ClueGO analysis, proteins important for energy regulation such as oxoglutarate dehydrogenase, were upregulated approximately 1.2-fold following 50 to 500 ppm JP-8 (Table 1 ). In addition, enolase (ENO1), a marker for neuroinflammatory processes, was upregulated at higher doses of 50 to 500 ppm to approximately 1.7 to 1.4-fold. As a sign of JP-8 dependent activation of cell signaling, the protein kinase A-associated protein (AKAP) and the inositol trisphosphate receptor (ITPR2) were upregulated approximately 1.2-fold. The palmitoyl transferase (SPTLC3) that is involved in ceramide synthesis was upregulated at all doses, suggesting impact of JP-8 on membranestructural components.
Proteins downregulated following JP-8 were classified by GO terms for cytochrome oxidase metabolism, microglia differentiation, RNA expression, and adenosine triphosphate (ATP) transport (Figures 6 and 7) . In detail, proteins that were downregulated included the DNA damage sensor kinase (ATR), which was downregulated to approximately 0.6 to 0.77-fold at doses between 5 to 500 ppm JP-8. The reactive oxygen quencher and energy regulator, cytochrome oxidase 10, and the ATP transporter, SLC25A4, were downregulated to approximately 0.82-fold at the highest concentration of JP-8, suggesting that JP-8 has a toxic impact at higher doses. Among the ClueGO non-recognized downregulated proteins were proteins important for structural integrity including microtubule-associated protein (MAP1) that decreased at doses between 5 to 500 ppm JP-8 and S100A6 that decreased at the highest dose to 0.63-fold (Table 1 ). 
Conclusion:
In conclusion, JP-8 had marginal cytotoxic effects on HEI-OC1 cells at the highest dose of 500 ppm, namely upregulation of histones involved in chromatin remodeling as a result of oxidative stress. Although effects were not dramatic, a dose response was apparent. It remains to be determined if the dose of JP-8 needs to be increased to account for potential leakage of JP-8 into the cell culture vessel. Additionally, it would be interesting to determine if JP-8 accelerates cytotoxicity by co-exposure to oligomycin, a simulant of hearing loss-associated oxidative stress.
In Vitro Cytotoxic Response of Cochlear Cells to JP-8 Exposure
The present study investigated the effects of JP-8 and five key hydrocarbons of the JP-8 mixture which are known to affect hearing: decane, nonane, toluene, ethylbenzene, and m-xylene, in the presence and absence of oligomycin, on apoptosis and necrosis. Oligomycin inhibits ATP synthase by blocking its proton channel, which is necessary for oxidative phosphorylation of adenosine diphosphate to adenosine triphosphate (ADP to ATP, energy production process). Hence, oligomycin is often used as a surrogate for noise-induced energy depletion, in vitro (Chen et al., 2012; Kalinec et al., 2003) . When cells reached 70 to 80 percent confluency, media was carefully removed and replaced with serum free media, containing either JP-8 (50 or 1000 ppm); decane, nonane, toluene, ethylbenzene, m-xylene (5 or 500 ppm); or gentamicin (1 or 100 µM); all with or without 1 µM oligomycin. Oligomycin dilutions were made from a 5mM oligomycin stock in dimethyl sulfoxide (DMSO). In addition, two sets of cells were exposed to oligomycin at 1 or 100 µM, to assess the compound effect. In control wells, as well as those wells containing JP-8 or key hydrocarbons without the presence of oligomycin, DMSO was added to match the amount used in the oligomycin-exposed wells.
Cell
To examine the effect of FBS content on the dose response of JP-8, HEI-OC1 cells were seeded at 15,000 cells per well as described above. When the cells reached 80 percent confluency (overnight), regular media (see above) was removed and replaced with media containing either 0, 1, or 10 percent FBS; concentrations of JP-8 ranging from 50 to 3000 ppm; and 0.5 percent DMSO for 24 hours.
Cell Viability Assays.
To assess cell health after exposures, the Promega ApoTox-Glo TM Triplex Assay (Madison WI) was used. This multi-parametric assay measures viability, cytotoxicity, and caspase activation within a single assay well. Viability and cytotoxicity are measured by a fluorogenic, cell-permeable peptide substrate that enters intact cells, where it is cleaved by live-cell proteases, generating a fluorescent signal. These live-cell proteases become inactive upon loss of membrane integrity and leakage into surrounding medium. A second fluorogenic cell-impermeable peptide substrate is then used to measure dead-cell protease. Third, a luminogenic caspase-3/7 substrate, which undergoes caspase cleavage, generates a luminescent signal upon activation of the caspase cascade. The signals emitted are proportional to the number of live cells, dead cells, and level of caspase activity (apoptosis), respectively. At 2, 4, and 24 hours after exposure, these activities were assayed following the manufacturer's instructions. Fluorescence and luminescence values were acquired using a FlexStation 3 multimode plate reader (Molecular Devices, Sunnyvale CA). The results were normalized to background measurements.
Viability was also assessed using the CellTiter 96 ® AQueous Non-Radioactive Cell Proliferation Assay (Promega Corporation, Madison WI), consisting of a solution of a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron coupling reagent. MTS is bioreduced by cells into a formazan product. The absorbance of the formazan product at 490 nm is measured directly without additional processing. The conversion of MTS into formazan is accomplished by dehydrogenase enzymes found in metabolically active cells. Therefore, quantity of formazan product is directly proportional to the number of living cells in culture.
For each assay, statistical significance of differences (p ≤ 0.05) were evaluated using one-way analysis of variance (ANOVA) tests performed using Microsoft® Excel (Redmond WA). Figures 8 through 11 . After 2 hours of exposure, all compounds exhibited more live to dead cells, even in the presence of oligomycin, relative to untreated controls (i.e., less than one in Figures 8 and 9 ). Non-lethal cytotoxic effects may be occurring at 2 hours, but actual changes in membrane integrity may have not yet begun at this time point. At 4 and 24 hours, a general increase in cell death was seen across compounds; however, in most cases, there was little difference from background. Apoptosis contributes to cell death in the high dose exposures across compounds, as well as the low dose exposure for ethylbenzene ( Figure 10 ). However, based on Figures 9 and 11, necrosis contributed more to cell death from exposure to the positive control, gentamicin, than apoptosis. Of the compounds tested, m-xylene, ethylbenzene, and toluene exhibited the greatest toxicity. In general, oligomycin enhanced cytotoxicity when combined with hydrocarbons. Although there is a clear dose-response from oligomycin alone, when it is combined with gentamicin, it reduces caspase activity ( Figure 11 ).
Results. Results are shown in
The effect of FBS content on JP-8 dose-response is shown in Figure 12 . At each JP-8 concentration, with the exception of 3000 ppm, significant differences in mean viability occur between cells incubated with different FBS concentrations, based on analysis with a one-factor ANOVA (significance between groups not shown in figure) . Cell viability more consistently decreased with increased JP-8 concentration when cells were incubated with 1 percent FBS. point for these assays. Early induction of protective cellular mechanisms may explain the lack of cytotoxic effects at the two-hour time point. This is consistent with the upregulation of numerous histones, discussed above in Section 4.2.2.
By using the ApoTox® assay, we demonstrated that apoptosis and necrosis induced by these compounds was enhanced by the presence of oligomycin. However, alone the components showed little impact. Collectively, these findings support the proteomic results in Section 4.2.2, demonstrating JP-8, at levels relevant to exposures of AF personnel, had minimal effects on cochlear hair cells.
In an effort to screen the toxicity of multiple compounds, only two concentrations of each were used. In future assays, serial dilutions of fewer compounds is advised. Using only two concentrations can be problematic due to factors including biological variation in response and physiochemical concerns, such as solubility. Here, the exposure chemicals were delivered via sound waves, using the ECHO TM liquid handler. Given the high volatility of the hydrocarbons used, it is possible that the delivered aliquots are not well mixed into the media of the designation plate before being sealed and placed into the incubator, where further chemical loss to the well headspace may have occurred.
Serum binding to hydrocarbons may also affect dose delivery. Differences were observed in the JP-8 dose-responses when combined with 0, 1, or 10 percent FBS (Figure 12 ). The clearest dose-response was seen with 1 percent FBS. Therefore, on-going studies are using 1 percent FBS in the exposure media.
Interestingly, oligomycin, which acts via energy depletion, demonstrated greater toxicity at 3 hours than at 24 hours. The media used contained high glucose levels. Glucose, to some extent, may have reduced ATP depletion by providing an additional energy source.
FUTURE WORK
For humans, central auditory processing dysfunction, as opposed to cochlear hair cell damage, may be among the first signs of hearing loss (Bamiou et al., 2000) . In the absence of peripheral (cochlear) impairment, a significant CAPD was detected among the jet fuel and jet fuel plus noise groups of Long-Evans rats . This indicates that CAPD may be part of the ototoxic profile of jet fuel exposure. This line of thinking is supported by a recent study indicating that military personnel at risk for exposure to jet fuel combined with attenuated noise exhibited normal hearing but suffered with a CAPD. Royal Air Force pilots were poor at auditory frequency discrimination tasks, which were associated with a CAPD that manifested as an impaired ability to recognize speech in background listening situations (Hope et al., 2013) . In addition, altered growth functions of the brainstem components of the ABR are characteristic of aging (Boettcher et al., 1993; Popelar et al., 2006; Zhou et al., 2006) . These data are consistent with our current in vitro findings, showing little if any effect of JP-8 or JP-8 components on toxicity endpoints such as cell viability or proteomic markers. We thus will be considering potential interactions between jet fuel and noise that may occur at a higher signal processing level via in vivo strudies, mentioned below, rather than just at the level of cell toxicity.
Potential Model Improvements
The current model uses arbitrary values for parameters such as rate constants. These parameters ultimately need to be determined by calibrating and validating the model against relevant in vitro (and in vivo) data, both from the present project and available from the literature. Currently, the model presents a description of the impact of noise and a single chemical on oxidative stress-mediated hair cell inactivation and loss. In order to describe the effect of multiple chemical components or mixtures, such as jet fuel, equation (5) can be replaced with equation (1), and rate constants k i for free radical production by each chemical can be introduced. Chemical concentrations C i at the cochlea for each jet fuel component that may generate free radicals can be predicted by a jet fuel PBPK model currently under development.
The model is created with a necessary simplification of a complex situation. For example, there are multiple anti-oxidants, with specific affinities for specific free and lipid radicals, which have all been "lumped" together in the present model as GSH. The assumption is that these pathways chosen (GSH, etc.) dominate the events associated with jet fuel chemical exposure. Similarly, multiple radical types have also been treated as a single entity. As more in vitro and in vivo data become available, specific interactions of more dominant radical metabolites can be separated from this generic interaction and individually parameterized.
The effects of oxidative stress on cochlear hair cells need to be interfaced with other aspects of hearing loss, such as damage to the brainstem auditory pathway. By blocking voltage-dependent calcium channels (VDCC), fuel exposure may reduce the middle ear reflex (MER), which normally protects the auditory pathway from the effects of excessive noise by physically reducing the sound that reaches the cochlea (Maguin et al., 2009 ). In addition, noise induces the CAP to self-regulate, and this ability may be compromised by the reduced synaptic excitability associated with fuel exposure (Pilati et al., 2012) .
Brain stem effects (CAPD) have been implicated in rats exposed to jet fuel or jet fuel plus noise exposure without apparent reductions in hearing acuity . Also, toluene, a fuel component, has been shown to depress the auditory nervous system in Long-Evans rats, interfering with muscle contractions which help to dampen noise (MER), (see Figure 13) , which could explain increases in NIHL with concurrent toluene exposure (Maguin et al., 2009; Venet et al., 2011) . 
In Vitro /In Vivo Studies
In order to explore interactions between jet fuel and noise, it is necessary to understand underlying mechanisms, assess the potential for further deterioration, and explore means to ameliorate the condition. Effects on the central auditory pathway, as well as on hair cells, should be explored thoroughly.
In addition the HEI-OC1 cells, the neuroblast cell line, VOT-N33, and the otic epithelial cell line, VOT-E36, have been kindly provided by Dr. Matthew C. Holley (Department of Biomedical Science, University of Sheffield, England). These cell lines were originally derived from similar regions of the ventral otocyst of the immortomouse at embryonic day 10.5 (Lawoko-Kerali et al., 2004) . As experimental models, the VOT-E36 and VOT-N33 cell lines express a number of sensory epithelia and spiral ganglion specific markers making them useful tools for the in vitro study of the influence and the mechanism of ototoxic agent on auditory cells. An initial dose response study with HEI-OC1, VOT-E36, and VOT-N33 cells in 384 well plates was attempted. Results were not reliable due to a much slower growth rate of VOT-E36 and a loss of too many of cells during washes; however the initial results suggest greater sensitivity of the VOT cell lines to JP-8 and constituents than seen in HEI-OC1. Therefore, dose response JP-8 cytotoxicity studies in these lines in separate 96 well plates are currently underway.
Effects on the central auditory pathway, as well as on hair cells, should be explored thoroughly, especially given the limited cytotoxicity seen in vitro. Guthrie et al. (2014) studied the effects of JP-8 and noise in vivo and found that the effects of JP-8 alone attributed mainly to deregulation of the central auditory nervous system (CANS). They stated, "…it is tempting to speculate that jet fuel or jet fuel + noise exposure induced a partially accelerated aging phenotype of the CANS." Aging of the CANS is related to alterations in gamma-aminobutyric acid A receptor (GABA A R) changes (Caspary et al., 2008) . The slope of the stimulus-response growth function of the CANS has been correlated with the level of 5-hydroxyindoleacetic acid, a serotonin metabolite, in cerebrospinal fluid (Hegerl and Juckel, 1993) . In addition, gene expression analysis of JP-8 exposed rats compared to the control group revealed a modulation of several genes, including GABA transporter 3 (GAT-3) (Lin et al., 2001 ). Therefore we propose collecting tissue samples from upcoming JP-8 studies in rats and performing immunohistochemistry to quantify changes in the inhibitory signaling system, namely GABA A R subtypes, GABA transaminase, and serotonin receptors in the brainstem nuclei.
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